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Abstract: This article reviews the status of the exciting and fastly evolving field of dark matter research as of
summer 2013, when it was discussed at ICRC 2013 in Rio de Janeiro. It focuses on the three main avenues to
detect WIMP dark matter: direct detection, indirect detection and collider searches. The article is based on the dark
matter rapporteur talk summarizing the presentations given at the conference, filling some gaps for completeness.
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1 Introduction
The existence of dark matter is one of the stongest indica-
tions that there must be physics beyond the standard model
of particle physics. Numerous indirect observations at as-
tronomical and cosmological scales [1], complemented by
results of complex many-body simulations [2], point to the
presence of a new form of matter in the Universe, which
only interacts significantly via gravity. The most famous
observational evidence is the rotation profiles of galaxies,
the dynamics of galaxy clusters, the separation of dark and
light matter in galaxy clusters, and the interpretation of the
cosmic microwave background (CMB). Recently the Planck
satellite mission [3] has published new and precise mea-
surements of the CMB, which are in full agreement with
the predictions of the ΛCDM model, describing a cosmos
dominated by dark energy (Λ) and cold dark matter (CDM).
The new values for the energy densities from Planck are
ΩCDM = 0.268 and ΩΛ = 0.683, see Fig. 1.
Figure 1: The latest results from the Planck satellite [3] on
the energy densities attributed to dark energy, dark matter
and ’ordinary’ baryonic matter.
Even though dark matter makes up a sizeable fraction of
the energy density of the Universe, and outnumbers ’ordi-
nary’ baryonic matter by a factor 5, the particle(s) which
constitute the dark matter remain unknown as of today. The
absence of electromagnetic and strong interactions makes
it experimentally ’dark’, however, interactions at the weak
scale might be possible. Many theories beyond the standard
model predict particles which are neutral, cold (i.e. non-
relativistic), and stable (or have half-lifes longer than the
age of the Universe). These are viable dark matter candi-
dates, with the most prominent being the neutralino χ0 in
supersymmetric theories [4], the lightest Kaliza-Klein par-
ticle (LKP) in theories with extra-dimensions [5], or the
lightest T -odd particle in little Higgs models [6]. All are
excellent examples of weakly interacting massive particles
(WIMPs) [7], which are stable as their decays are prevented
by some new symmetry.
The search for the dark matter particle has become one
of the most exciting topics in Astroparticle Physics, and
tremendous progress is made on experimental and theo-
retical research. For this reason, this year’s ICRC confer-
ence in Rio de Janeiro (“The Astroparticle Conference”)
featured, for the first time, a full branch dedicated to dark
matter. This article is the attempt to summarize the main
conclusions of the talks and posters presented at this occa-
sion, complemented with some extra information added by
the author. At this occasion, the author wants to apologize
to all contributors to the ICRC 2013 dark matter session,
whose work could not be mentioned in this highly-biased
summary.
The article contains three sections addressing the differ-
ent methods to detect WIMP dark matter: by searching for
signs of WIMPs scattering in low-background detectors
(direct detection, Sect. 2), by looking for WIMP annihila-
tion products (indirect detection, Sect. 3), and by searching
for WIMPs produced in particle colliders such as the LHC
(Sect. 4). The approaches are largely complementary and
it is widely assumed that a convincing dark matter signal
should be seen by more than one. We do not even attempt
to provide detailed descriptions of the various experiments,
but mainly focus on the underlying concepts and the recent
results, and refer the reader to the references for further
information. The article closes with a short section on more
exotic (here: “non-WIMP”) dark matter models and a con-
clusion.
2 Direct Detection
It has been pointed out by Goodman and Witten [8] in 1985,
that the signature of WIMPs scattering in a detector medium
might be directly detectable by sensitive instruments [9],
provided that the WIMP interacts not only gravitationally
with ordinary matter but with weak-scale cross sections.
Another prerequisite is that there is dark matter in our
local solar neighborhood, which is assumed to be the case
as confirmed by various astronomical studies [10]. The
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canonical value for the local WIMP density used for the
interpretation of measurements is ρDM = 0.3 GeV/cm3.
Being neutral particles and moving at non-relativistic
velocities, WIMPs are expected to interact mainly with
the atomic nucleus, whose nuclear recoil energy is to be
measured by the dark matter detector. The recoil spectrum
is a featureless falling exponential, only modified by form
factor corrections for heavier nuclei, and kinematics fixes
the maximum energies at a few tens of keV. As it is a priori
not known how WIMPs interact with the detector matter,
two cases are typically considered. The first one is a spin-
independent (SI) scalar interaction with the WIMP-nucleus
cross section given by
σSI = σn
µ2N
µ2n
( fpZ+ fn(A−Z))2
f 2n
= σn
µ2N
µ2n
A2,
where the last equality assumes that the WIMP couplings
fp,n to protons and neutrons are identical, leading to an A2
dependence of the cross section. σn is the scattering cross
section on a nucleon (making comparisons between dif-
ferent targets easier), and µn,N are the reduced masses of
the WIMP-nucleon and WIMP-nucleus systems, respec-
tively. In the second case, spin-dependent (SD) axial vec-
tor couplings, the differential WIMP-nucleus cross section
depends on the momentum transfer~q and reads
dσSD
d|~q|2 =
8G2F
piv2
[ap〈Sp〉+an〈Sn〉]2 J+1J
S(|~q|)
S(0)
.
S(|~q|) is the spin-structure function, ap,n the couplings to
protons and neutrons, and 〈Sp,n〉 are the expectation values
of the total spin operators in the nucleus. In this case, no A2
enhancement is present but the sensitivity depends crucially
on the spin-structure of the particular target nucleus and on
its total nuclear spin J, leading to a very different picture
compared to the spin-independent case. For simplicity, spin-
dependent results are usually reported assuming that WIMP
couple to protons (an = 0) or neutrons only (ap = 0).
The dominating backgrounds in WIMP searches are
γ-rays from the environment or the experimental setup
itself and β -particles at the surfaces or in the bulk of the
detector. They interact electromagnetically with the atomic
electrons, leading to electronic recoils (ER) . The different
ionization density of electronic and nuclear recoil (NR)
interactions is often used to discriminate signal (NR) from
background (ER). α-contamination in the detector materials
does usually not pose a problem when the full energy is
detected, they might become relevant when lots of the α-
energy is lost in insensitive detector regions.
However, the most dangerous background for all direct
WIMP searches are neutron-induced nuclear recoil interac-
tions since these cannot be distinguished from a WIMP sig-
nal. The only important difference is the event multiplicity:
the WIMP-nucleus interaction cross section is expected to
be extremely small, which means that WIMPs will always
scatter only once in a detector. Neutrons, on the other hand,
will often produce double-scatter signatures. An effective
WIMP detector must therefore be able to identify (and re-
ject) events with multiple interactions. In many detectors,
the background can be further reduced by exploiting the
self-shielding capability of the target material, which is es-
pecially effective for high-Z materials, by rejecting events
occuring in the outer detector regions (“fiducialization”).
This requires that the position of the interaction vertex can
be measured with some precision.
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Figure 2: The current experimental results on spin-
independent WIMP-nucleon scattering cross sections can
be divided into a low (≤30 GeV/c2) and a high-mass re-
gion. In the first one, several hints for WIMPs seen by Co-
GeNT [11], CRESST-II [12], DAMA/Libra [13, 14], and
CDMS-Si [15] (the 2σ regions are shown) are challenged
by the null-results from XENON100 [17], XENON10 [18],
EDELWEISS [19, 20] and ZEPLIN-III [21]. The high-mass
region is dominated by the results of XENON100, due to its
large exposure and low background. Fig. adapted from [17].
Most of the backgrounds can be effectively suppressed
by means of massive shields surrounding the detectors,
either being made of high-Z materials such as lead and
copper, plus polyethylene to reduce the neutron flux, or
consisting of several meters of water. However, the only way
to reduce the background due to muon-induced neutrons
to acceptable levels is to reduce the muon flux by several
orders of magnitude compared to the one at sea level.
Therefore, all dark matter detectors are placed in deep
underground laboratories, with typically 1-2 km of rock
overburden, suppressing the muon flux by 5-7 orders of
magnitude.
The current parameter space for spin-independent scat-
tering cross sections obtained from direct WIMP searches
is shown in Fig. 2. It can be divided into a high-mass re-
gion above WIMP masses of ∼30 GeV/c2, and a low-mass
region below. Especially the latter is of special interest at
the moment, as hints for WIMP signals around masses of
10 GeV/c2 from several experiments are confronted with
null-results from others.
The DAMA/Libra experiment [13] looks for an annually
modulating recoil spectrum as a consequence of the Earth’s
movement around the Sun during the year, making the
expected recoil spectrum harder or weaker depending on
whether the Earth’s velocity is added or subtracted to the
Sun’s velocity around the Galactic center [22]. The DAMA
collaboration employs a large mass of ultra-pure NaI(Tl)
scintillators and observes such a modulation signal with a
high significance since many years. However, it appears
to be rather incompatible with other results when it is
interpreted as being due to WIMP interactions [14].
The CoGeNT experiment is based on a rather low-mass
(∼330 g only) p-type Ge-detector, which features a very
low energy threshold. A first analysis reporting an unex-
pected exponential-shaped excess of events at very low
energies [23] was recently updated using a new analysis:
the size of the possible signal decreased because of an im-
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proved way to reject surface events, shifting the previously
larger signal region to lower cross-sections [11]. In addi-
tion, CoGeNT also reported an annually modulating sig-
nal [24], which, however, shows a rather unexpected en-
ergy behavior and appears to be in conflict with the non-
observation of a modulation signal in a dedicated analysis
by the CDMS-II collaboration, which also uses Ge detec-
tors [25]. Another excess of events was observed by the
CRESST experiment [12] detecting light and heat signals
from CaWO4 crystals cooled to mK temperatures. While
DAMA and CoGeNT only measure one observable (light
or ionization, respectively), the two observables detected
by CRESST can be used to discriminate signal (NR) from
background (ER). Still, a total of 67 events was observed in
a WIMP search region, where the excess above the back-
ground expectation of ∼40 events could be explained by a
WIMP signal.
In April 2013, the CDMS collaboration, operating Ge de-
tectors at cryogenic temperatures to measure the ionization
and heat signal from particle interactions [15], and which
are capable of fiducialization, reported a new result from
the Si detectors which are installed in the same setup in
the Soudan laboratory, USA. Three events were observed,
close the threshold as expected from WIMP dark matter,
while only 0.41 events were expected from the background
model. This excess can be interpreted as being due to low-
mass WIMP interactions, with the point of highest likeli-
hood being at a mass of 8.6 GeV/c2 and a cross section of
1.9×10−41 cm2.
The question remains whether all these positive hints
are of common origin, maybe from WIMP interactions, or
whether they are due to non-understood backgrounds. At
face value, the signal regions do not all overlap, however,
one can find explanations which brings them to agreement.
The situation is even more complicated as there are several
other experiments which do not see an excess. One of
them is CDMSlite, a 600 g germanium detector operated
in a mode where the ionization signal is Neganov-Luke
amplified. A very low threshold of 0.17 keV was reached
and a 10 live-days exposure was sufficient to exclude the
upper part of the CDMS-Si region [16].
Basically all positive signals are challenged by the null-
result of the XENON100 collaboration, which operates a
dual-phase time projection chamber (TPC) at LNGS, Italy.
The TPC is filled with ultra-pure liquid xenon (LXe) at a
temperature of −93◦C, in order to detect light and charge
induced by particle interactions. Thanks to its large target
mass of 62 kg and a background level which is superior to
all other current experiments [26], the collaboration was
able to report a very strong exclusion limit after running
for 225 live days and observing no significant excess of
events in an inner 34 kg fiducial LXe target [17]. Only
a small fraction of the CDMS-Si region is not excluded
(at 90% CL) by XENON100 and an older XENON10
result, which was corrected recently [18]. Noble gas TPCs
feature a lower energy resolution than crystal detectors (Ge,
NaI), and the signal quenching of NRs and therefore the
energy scale is less well known. However, the XENON
collaboration demonstrated in a recent publication that the
detector response is very well understood down to nuclear
recoil energies of 3 keV [27].
The entire CRESST region, as well as most part of the
DAMA and CDMS-Si regions, are excluded by a dedicated
low-mass analysis of EDELWEISS-II [19, 28]. This experi-
ment installed in the LSM laboratory in France also uses
cryogenic Ge detetors, measuring charge and heat signals,
and reached a high trigger efficiency of >75% at 5 keV in
this analysis. The upcoming phase EDELWEISS-III aims
at achieving competitive sensitivities around 10−45 cm2 by
2014/15. It will use improved Ge detectors of 800 g mass,
out of which ∼600 g will remain after fiducialization and
which also allow for better background rejection.
A different approach than the ones described so far
is pursued by XMASS. This Japanese experiment uses a
massive target of 835 kg of LXe, however, not operated in a
TPC but as a single-phase detector in which only the light
signal is detected [29]. Background rejection is entirely
based on fiducialization as no other means of discrimination
exist. Do to its single-phase nature and an optimized design,
the detector features a very high light yield and a first
analysis using the full target cuts into the DAMA preferred
region [30]. The next stage of the experiment aims at
reducing the background by refurbishing the detector and
has started data taking this summer [31].
Because of their finite energy threshold, all current
WIMP experiments show a strong decrease in sensitivity
below∼10 GeV/c2. The sensitivity-loss is more pronounced
for heavier targets such as xenon, whereas the p-type Ge
detector experiments CoGeNT [11], TEXONO [32] and
CDEX [33] have published results down to WIMP masses
of 4 GeV/c2. A new experiment, DAMIC, aims at pushing
down the sensitivity to ∼1.5 GeV/c2 by using low-noise,
low-threshold CCD chips as WIMP target to measure the
ionization energy deposited in the Si. A first result [34, 35]
sets the best limit below 4 GeV/c2, however, still at rather
high cross sections of a few 10−39 cm2. A new run with the
new experiment DAMIC100 will improve this result by a
factor 100 after an exposure of 1 y×100 g .
The discussion so far was entirely focused on spin-
independent WIMP nucleon couplings. As mentioned
above, the sensitivity to spin-dependent cross sections does
not scale with A2 but depends on the unpaired nuclear
spins J and the nuclear spin expectation values. The iso-
tope with the highest spin enhancement factor (J+1)/J×
[ap〈Sp〉+an〈Sn〉]2 is 19F. Therefore it is the most sensitive
target for spin-dependent interactions and is being used in
bubble chambers and superheated droplet detectors. An ex-
ample is PICASSO [37], which consists of small droplets
of C4F10 embedded in a gel. The droplets are superheated,
i.e., they are maintained at a temperature higher than their
boiling point. By tuning the operating conditions, these de-
tectors can be made insensitive to γ- and β -backgrounds,
while nuclear recoil interactions (from WIMPs or neutrons)
and αs inject enough energy into the bubbles to cause a
phase transition. These detectors are rare examples where
α-particles pose a serious background, however, the acous-
tic signal of the bubble formation can be used to distinguish
them from NRs. The specific spin-structure of 19F makes it
very sensitive to proton-only couplings (an = 0): the experi-
ments PICASSO [36], SIMPLE [38] and COUPP [39] place
the most stringents limits as no excess of events above back-
ground has been observed in any of the instruments, see
Fig. 3 (top). In the neutron-only case (ap = 0), the highest
sensitivity was achieved by XENON100 [41] which sets the
best upper limit over the full mass range. The XENON100
constraint to proton-only couplings is almost 2 orders of
magnitude weaker, underlining again the fact that the spin-
dependent sensitivity depends on the details of the nuclear
structure.
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Figure 3: Results from direct detection experiments on
spin-dependent WIMP-nucleon cross sections are usually
separated into proton-only and neutron-only couplings.
In the first case (top), the parameter space is dominated
by results from experiments using a target with 19F (PI-
CASSO [36, 37], SIMPLE [38], COUPP [39]). Indirect
searches (see Sect. 3) conducted by experiments such as
IceCube [40] also provide very strong limits for this chan-
nel. The best limit on neutron-only couplings (bottom) is
from XENON100 [41]. Figs. adapted from [41], further ref-
erences to the shown results can be found there.
There are more experiments searching for WIMPs, which
have not been addressed in this overview because they did
not publish science results yet, such as LUX1, DarkSide,
DEAP, CLEAN, PandaX, etc. Additionally, most experi-
ments mentioned so far plan to increase their target mass in
the near future. PICASSO and COUPP, for example, have
merged to the PICO collaboration which aims for bubble
chamber with ∼500 kg target mass in the next 2 years [37].
CDMS-II is moving towards SuperCDMS, which is likely
to be installed at SNOLAB, with a planned Ge target of
about 100 kg. The XENON collaboration has started the
underground construction of XENON1T at LNGS this sum-
mer. The new dual-phase TPC will feature a total mass of
∼ 3000 kg out of which more than 1000 kg will be used as
fiducial target. Detector operation will start in 2015 with
the goal to reach spin-independent cross sections of 2×
10−47 cm2 after 2 years of data taking. This is two orders
of magnitude beyond than the current best results. In the
longer term, the collaboration will upgrade XENON1T to
the even larger version XENONnT with 3-4 t of fiducial
mass. It will be able to reach sensitivities at which neutrino
interactions constitute a non-negligible background [42].
3 Indirect Detection
While direct detection experiments discussed in the previous
section require that there is dark matter present in the Earth’s
neighborhood, this is not generally necessary for indirect
detection approaches. These assume that WIMPs are their
own anti-particles (as it is the case for Majorana particles
such as the SUSY neutralino) which will annihilate in
standard model particles if they collide because their local
density is large enough. Possible annihilation scenarios
include
χχ → qq, ``, W+W−, ZZ.
These primary particles eventually decay into positrons,
electrons, anti-protons, protons, neutrinos and γ-rays, which
can be observed by dedicated instruments. As it is generally
not known which particles are preferentially generated
in the WIMP annihilation, various channels are usually
considered in the analysis independently (χχ → bb, χχ →
ττ , χχ → W+W−, etc.). The expected distributions of
secondary particles are generated by detailed simulation
codes.
The Sun is a very interesting target for such searches, as
it is expected to “collect” WIMPs in its core while sweeping
through the galactic halo. The capture rate Cc is governed
by the WIMP-nucleon scattering cross section while the
annihilation Ca, leading to the observable signature, is
described by the annihilation cross section. Neglecting
evaporation losses, the number of WIMPs Nχ in the Sun is
given by
dNχ
dt
=Cc−CaN2χ .
Assuming that the relevant time scale τ = (CcCa)−1/2 is
short compared to the age of the Sun, which means that
capture and annihilation rate are in equilibrium (dNχ/dt =
0), leads to an annihilation rate
Γa =
1
2
CaN2χ =
1
2
Cc,
which only depends on the scattering cross section. Results
from the indirect detection of signals from WIMP annihila-
tion in the Sun can hence be directly compared to the results
from underground experiments.
Using the equilibrium assumption, a recent analysis from
Super-Kamiokande places the first constraints from indi-
rect searches on spin-dependent scattering cross sections
below mχ = 10 GeV/c2 [43]. Super-Kamiokande, located
in the Kamioka mine in Japan, is the world’s largest water
C˘erenkov detector with a total mass of 50 kt (22.5 kt fidu-
cial target) read out by ∼11 000 photomultipliers. A Monte
Carlo study shows that events from low-mass WIMP anni-
hilation to bb and ττ mainly lead to fully-contained events,
1. LUX has announced very strong constraints on spin-
independent couplings after the completion of this review [87].
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Figure 4: First results on the spin-dependent scattering
cross sections for WIMP masses below 10 GeV/c2 from
Super-Kamiokande (red lines) . Due to the low threshold,
the limits are much stronger than other indirect searches
(e.g. from IceCube [40]) and are also superior to direct
searches (proton-only couplings). These results are chal-
lenging the low-mass WIMP interpretation of the DAMA
modulation signal. Fig. drawn using input presented in [43].
where the primary neutrino vertex and the secondary muon
track are both contained in the fiducial volume, and which
leads to a very clean analysis. No events have been ob-
served above background, excluding spin-dependent WIMP-
nucleon cross sections above 10−39..−40 cm2, see Fig. 4. As
the Sun mainly consists of protons, these are proton-only
couplings.
There are similar results on WIMP annihilations in the
Sun from other neutrino detectors, such as from IceCube
at South Pole [40] (see also Fig. 3) and ANTARES in the
Mediterrean Sea [44]: Both experiments do not see a signal.
In particular ANTARES, which is located in the northern
hemisphere, mainly focuses on dark matter annihilation
signals from the Galactic Center: in this case one expects
upwards going signal muons whereas the main background
comes from above.
IceCube is a gigantic neutrino detector installed in the
antarctic ice at the South Pole. The 1 km3 detector corre-
sponds to an instrumented volume of ∼1 Gt. Since the de-
tector is so large, IceCube can search for WIMP annihila-
tion in the Galactic Center, even though it is always above
the horizon. Using the outer parts of IceCube as a veto for
the inner part, the so-called DeepCore, opens up the possi-
bility to identify neutrino vertices in the DeepCore. These
events correspond to a muon track starting in the DeepCore
with no track in the veto [45]. Preliminary studies show
that the DeepCore is sensitive to velocity-averaged anni-
hilation cross sections of 〈σAv〉 ≈ 10−21..−22 cm3 s−1 for
WIMP masses as low as 30 GeV/c2 [46, 47].
Using neutrinos to search for dark matter has the advan-
tage that their direction is pointing back to the source, as
neutrinos are not affected by interstellar magnetic fields etc.
However, their low interaction rate and the limited angular
resolution of the huge neutrino detectors poses some diffi-
culties. The “smoking gun” signature for WIMP annihila-
tion would be a line in the γ-spectrum of objects expected
to have an high WIMP density, e.g., the Galactic Center
or dwarf spheroidal galaxies. The expected γ-flux Φγ from
dark matter annihilation coming from a solid angle element
∆Ω around the coordinates (φ ,θ) on the sky is given by
dΦγ(Eγ ,∆Ω(φ ,θ))
dEγ
=
1
4pi
〈σAv〉
2m2χ
∑
f
dN fγ
dEγ
B f
×
∫
∆Ω
dΩ′
∫
l.o.s.
ρ2(r(s)) ds.
The first part of the equation covers the particle physics of
the problem, considering that γ-particles can be produced
with different spectra dN/dEγ in the decay of different
primary particles f , which are produced in the WIMP
annihilation reaction with a certain branching ratio B f . The
second part describes the dark matter distribution in Space,
by integrating over the dark matter density ρ(r) at distance
r along the line of sight s.
As WIMPs do not couple directly to photons, the pro-
cesses χχ → γγ or χχ → γZ do not happen at tree-level
but only as largely suppressed second-order processes. Still,
the two monoenergetic gammas would produce a sharp, dis-
tinct spectral feature at mχ , accompanied by a somewhat
broader and lower peak from χχ → γZ at reduced energies.
The Large Area Telescope (LAT) on the Fermi satellite
observed the γ-sky from 20 MeV to 300 GeV with a huge
field of view. In 2012, there has been a claim that a γ-
line at Eγ = 130 GeV has been found in the LAT data at
the Galactic Center [48]. An updated analysis of [49] uses
optimized search regions around the Galactic Center for
different dark matter halo models and finds excesses in the
spectrum at 130 GeV and – less pronounced – at 110 GeV.
The data is best described by a model assuming an Einasto
dark matter profile with a slight offset, leading to a global
significance of 5.1σ . However, a similar analysis has been
carried out by the Fermi Collaboration [50, 51] as well,
after reprocessing the data in order to update the energy
scale and with newly added data. The global significance
of a feature at 130 GeV in this analysis is only 1.6σ and
seems to be too wide for the instrument’s resolution. At
this point, it seems clear that more data is needed to clarify
the situation; a change in the observation strategy of Fermi
could help to acquire this data faster.
An excess of antiparticles, in particular positrons, is
widely discussed as a promising signature for dark matter
annihilation since the PAMELA experiment reported a ris-
ing fraction of positrons in the total (e−+ e+)-flux for en-
ergies above ∼5 GeV [52, 53], see Fig. 5. At these ener-
gies, the astrophysical backgrounds become sub-dominant
and the spectrum cannot be simply explained by a mod-
ification of the model describing the propagation of the
charged cosmic rays. Moreover, the AMS-02 instrument
on the International Space Station (ISS) recently con-
firmed the excess, which keeps increasing up to energies of
∼300 GeV [54, 55], the current high-energy limit of the in-
strument. An interpretation of the rising positron fraction in
terms of dark matter is possible, however, it conflicts with
the non-observation of a similar excess in anti-proton data
by PAMELA. The antiproton ratio is in agreement with the
expectations from secondary production, which means that
dark matter would need to be ’leptophilic’ in order to ex-
plain the positron excess. The size of the positron signal is
also about 3 orders of magnitude larger than expected from
the WIMP miracle, the freeze-out of WIMP dark matter in
the expanding Universe. This means that large boost factors
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Figure 5: The rising positron fraction e+/(e+ + e−) at
higher energies was first observed by PAMELA [52] (black
data points) and recently confirmed by AMS-02 [54] with
high precision (red data points). It can either be explained
by dark matter annihilation, or by positrons injected by
one or more nearby pulsars. The yellow contribution in the
Figure models the summed contribution of seven nearby
pulsars, which describes the observed spectral shape very
well [57]. Fig. adapted from [57].
are required to generate the observed signature. Possible
sources of the boost could be a local over-density of dark
matter in nearby sub-halos, or a rate enhancement due to the
Sommerfeld effect [56]. An explanation involving nearby
pulsars, i.e. known astrophysical objects which describe the
observed data equially well, might be more appropriate one
at the moment, see Fig. 5 [57].
Several difficulties with the interpretation of the positron
excess observed by PAMELA and AMS-02 have been
pointed out: If WIMPs are Majorana fermions, then two-
body leptonic final states of the form χχ → `` are s-wave
suppressed. A three-body final state χχ → ``X , includ-
ing a gauge boson X = W/Z/(γ) from virtual internal
Bremsstrahlung which can carry away the spin, is there-
fore preferred. The non-observation of an anti-proton ex-
cess is again incompatible with such a Majorana annihila-
tion [58, 59].
Dwarf spheroidal (dSph) galaxies are small companions
of the Milky way which exhibit a very low luminosity. In
fact, their dynamics cannot be explained at all by the visi-
ble stellar mass, therefore these objects are generally con-
sidered as being almost entirely dominated by dark matter.
This makes these O(20) known objects very interesting tar-
gets for indirect WIMP searches as the backgrounds are
expected to be rather subdominant. Fermi, for example, has
studied the γ-flux from 10 dwarf spheroidals in a joint like-
lihood analysis [60, 51]. No signal has been found, plac-
ing significant constraints on WIMP annihilation, in par-
ticular at masses below 20 GeV/c2, where the 90% CL up-
per limit excludes the thermal cross section of 〈σAv〉= 3×
10−26 cm3 s−1 in the χχ → bb and the χχ → τ+τ− chan-
nels.
Segue-1 is a prominent dSph galaxy with a luminos-
ity of only ∼350 solar luminosities L but a mass-to-light
ratio of 3500, pointing towards a large fraction of dark
matter. Therefore it has been studied with several instru-
ments such as the air-C˘erenkov telescopes (IACTs) VERI-
TAS [61] and MAGIC [62]. Their analyses also yield null-
results and are in agreement with the Fermi limits from
dSphs mentioned above. The high-altitude water-C˘erenkov
observatory HAWC complements the results from Fermi
and IACTs by extending the limits up to WIMP masses of
100 TeV/c2 [63]. It has been pointed out that a large num-
ber of low-mass sub-halos, without any stars and light, are
prediced by simulations of the Universe, such as Aquar-
ius A [64] and Via Lactea II [65]. However, many of these
halos are below the mass resolution of the simulations. A
new method exploring this mass range suggests that many
extended sub-halos should exist which could be promising
candidates for indirect searches [66].
Instead on focusing on the annihilation signature from
astronomical objects, e.g., the Sun, the Galactic Center,
dSph galaxies, etc., one can also use the entire Universe
to constrain dark matter annihilation in a calorimetric
approach [67, 68]. The decay products from the annihilation
interact with the cosmological environment which is being
heated and ionized. This process is most effective in the
early Universe, when the densities of the gas and the
WIMPs were high, and one should expect an impact on
the cosmic microwave background (CMB) spectrum. The
additional particles from the annihilation process would
mainly impact the CMB multipole spectrum around ` ∼
1000, a feature which is not observed by the measurements.
This leads again to tight constraints on WIMP annihilations,
in particular on low-mass WIMPs of mχ ≤ 10 GeV/c2 as it
reaches below the thermal cross section for the χχ→ e+e−
channel.
4 Collider Searches
The last approach which we will discuss in this article is the
production of WIMP dark matter at colliders, in particular
at a hadron collider such as the LHC [69]. Being only very
weakly interacting, WIMPs do not deposit any energy in
the detectors (similar to neutrinos), and one needs to look
at the total energy and momentum budget of an event, as
measured in all detector components, in order to indentify
such particles via a missing energy signal Emiss. In pp-
collisions at the LHC, the initial longitudial momentum of
the partons is unknown, hence one can only use the missing
energy in the transversal plane, ETmiss for the WIMP search.
The two general-purpose detectors at LHC, ATLAS [70]
and CMS [71], both provide almost 4pi coverage around
the interaction point and were designed to (successfully)
search for the Higgs particle [72], for new physics, as
well as for precision tests of the Standard Model. The
experiments measure the momentum of charged particles,
the energy of electromagnetic showers caused by electrons
and gammas, and the energy of hadronic showers from
strongly-interacting particles, combining this information
to search for new phenomena such as dark matter [73].
Astrophysical uncertainties are completely absent in collider
results, however, the very limited time a particle spends in
the detector will make it almost impossible to proof from
collider data alone, that a detected candidate is the dark
matter particle.
As pair-production of WIMPs of the type
qq→ χχ
is invisible to the detectors, as absolutely nothing would
be seen by the various detector components, the most
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Figure 6: The most generic approach to search for WIMPs
at a hadron collider is to focus on events which could be
due to WIMP pair-production together with initial (or final)
state radiation of a γ , Z, W , or a gluon.
generic approach to search for WIMP production at a hadron
collider is to search for pair-production associated with
initial (or final) state radiation
qq→ χχ+X ,
with X being a gamma, Z- or W -boson, or a gluon, see
Fig. 6. The unknown coupling of WIMPs χ to standard
model fermions q can be described in a largely model-
independent fashion using effective field theories and con-
tact operators [74]. Depending on the choice of the opera-
tors, the interaction is similar to direct (spin-independent,
spin-dependent) or indirect searches (s-wave and p-wave
annihilation). The initial state radiation leads to an imbal-
ance in the detected energy and momentum, and the WIMP
search is based on events with a high ETmiss plus a single par-
ticle track or jet. The searches are therefore also referred to
as monophoton, mono-Z, mono-W and monojet searches.
Figure 7: Constraints on the spin-independent (Dirac
fermion) WIMP-nucleon scattering cross section from a
monojet search of ATLAS [75]. No excess of events was
found above the background expectation and the lines la-
beled with D1, D5, D11 correspond to 90% CL upper limits
for different effective interaction operators. For compari-
son, the direct detection limits from CMDS-II (low mass
analysis [76]) and XENON100 [17] are also shown, as well
as the point with the highest likelihood from the CDMS-Si
signal claim [15] (black point). Figure adapted from [75].
An example of a result from a monojet search with
ATLAS is shown in Fig. 7, using LHC data with a center-
of-mass energy of
√
s= 7 TeV and an integrated luminosity
of 4.7 fb−1 [75]. The event selection criteria usually require
ETmiss ≈ 120 . . .500 GeV, a well-reconstructed jet with a
transverse momentum pT > 110 GeV, and no additional
lepton or jet. Z-boson production together with a jet, with
the Z decaying into two neutrinos, is the main Standard
Model background for this search, which is determined
by data-driven methods. As no excess of events above
the Standard Model expectation has been been found, the
experiment could set upper limits on the WIMP-nucleon
scattering cross section by considering the right model for
the interaction in Fig. 6. Besides the choice of a cut-off
scale Λ, the results are model independent in the sense that
the only assumption entering the analysis is that no other
particles can be directly produced in the pp-collision.
The result can now be directly compared to results from
direct detection searches such as XENON100 [17]. One can
immediately see that the sensitivity of the collider searches
does not bend upwards at low WIMP masses, placing hard
constraints in the O(10)GeV/c2 region, where several di-
rect searches observe an excess of events (see Sect. 2). How-
ever, the limits get significantly weaker if other effective
interaction operators are assumed in the analysis. A similar
result is being obtained for spin-dependent interactions. The
analyses based on monophotons and mono-bosons yields
slightly weaker but in general similar constraints and there
is also no significant difference between the results from
ATLAS and CMS.
Another interesting constraint on WIMPs comes
from the recent detection of the Higgs particle at
mH = 126 GeV/c2 [72]. In many models (also if the Higgs
is the Standard Model Higgs), the Higgs particle will couple
strongly to the dark matter particle if its mass is lighter than
mH/2 = 63 GeV/c2 [77]. Since Higgs decays into WIMPs
would not be detected, one tries to determine the branching
ratio BR(H → invisible), which was found to be ≤0.2 at
95% CL for a Higgs with Standard Model couplings by
ATLAS and CMS. For Majorana fermion dark matter, this
would lead to limits on spin-independent WIMP-nucleon
interactions, mediated by Higgs exchange, which are better
than the one of XENON100 for mχ . 55 GeV/c2, again
challenging the dark matter interpretation of the excesses
seen by DAMA, CRESST-II, CoGeNT and CDMS-Si (see
Sect. 2). The constraints are lowered by a factor 2 if the
dark matter particle is a Dirac fermion.
5 Exotic Dark Matter
In this review, we use the phrase “exotic” for all dark matter
models which do not predict WIMPs. There is a plethora of
theories and non-WIMP dark matter candidates, however, in
this article we will only mention two selected possibilities
which were presented at ICRC 2013.
The axion is a candidate which is very well motivated
by the strong CP problem but exhibits features which make
it very different from WIMPs [78, 79]. Dark matter ax-
ions are expected to have masses in the few µeV range. As
dark matter needs to be non-relativistic (“cold”), their low
mass requires that dark matter axions have been created
non-thermally but in a phase transition (vacuum realign-
ment). The parameter space relevant for the dark matter
problem is probed by microwave cavity experiments such as
ADMX [80], which search for signals of axion-microwave
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photon conversion in a strong magnetic field. Axion-like
particles (ALPs) and heavy photons are generalizations of
the dark matter axions to other mass ranges and couplings.
There are several experiments searching for ALPs, exam-
ples are XMASS, which recently published a new limit on
the coupling of ALPs to electrons [29, 81], and H.E.S.S.,
which placed limits on ALPs by observing the active galaxy
PKS 2155-304 [82].
Primordial black holes (BPH) produced in the big bang
are another possibility of a dark matter candidate. A new
study [83] constrains PBHs using femto-lensing methods,
where “femto” refers to the very small angular distance
between the gravitationally lensed images. One expects
that the spectra from γ-ray bursts detected by the Fermi
satellite show an interference pattern due to femtolensing
on PBHs, since the photon wavelength is comparable to the
Schwarzschild radius of the lens. No such deviations have
been detected and new limits on the abundance of PBHs in
the mass region of 1016..18 g could be derived.
6 Conclusion
As of summer 2013, when it was discussed at ICRC 2013 in
various aspects, the global picture regarding the detection of
dark matter remains rather ambiguous. Event excesses (or
“anomalies” [84]) observed in direct and indirect detection
experiments, which could be explained by dark matter
scattering or annihilation, are confronted with several null-
results from direct, indirect and collider searches.
The hints for WIMP scattering in underground detectors
appear to cluster at rather low WIMP masses around mχ ≈
10 GeV/c2, however, the published evidence regions are
not all mutually consistent. There is tension with the latest
result from XENON100 [17] which for example clearly
excludes the point of highest likelihood in the CDMS-Si
region [15, 27]. At lowest masses, however, there is some
parameter space remaining where the two results can be
compatible [85]. The null-results from the LHC (see Sect. 4)
and indirect searches (see Sect. 3, in particular the new limit
from Super Kamiokande [43]), and various other studies
(e.g. [67, 68]) further increase the tension.
In general, a dark matter explanation of the excesses seen
in indirect searches, mainly the possible γ-line from the
Galactic Center and the rising positron fraction, requires
a more massive WIMP (mχ > 100 GeV/c2) than the ex-
cesses seen in direct detection (mχ ≈ 10 GeV/c2). How-
ever, another indication from indirect detection, a residual
γ-emission around the Galactic Center, could be explained
by dark matter annihilation of particles of lower mass (7-
45 GeV/c2) [86]. From the collider side, there is absolutely
no indication of a signal to-date. A full review of the vari-
ous excesses and their possible dark matter origin has been
presented in [84].
We conclude that as of summer 2013, the nature of the
dark matter particle remains a mystery and that search for
dark matter is still ongoing. Impressive progress has been
made at direct, indirect and collider searches, and the next
generation datasets, analyses and instruments will provide
valuable inputs to answer the question: What is dark matter?
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